Introduction
============

Diabetes refers to a group of metabolic chronic diseases sharing some hyperglycaemia-induced intermediate phenotypes, including systemic inflammation, oxidative stress, hypercoagulability, and endothelial dysfunction, which play an important role in the development of vascular complications in diabetic patients.[@pvz062-B1]^,^[@pvz062-B2] Remarkably, vascular lesions in both micro- and macro-domains may be prevented as well as delayed in their progression when detected at early stages in asymptomatic subjects.[@pvz062-B1]^,^[@pvz062-B2] This objective may be achieved by identifying novel biomarkers predicting and monitoring the progression of diabetes and its long-term complications. DNA polymorphisms can modulate the individual cardiovascular (CV) risk as well as the response to drug therapy. Some useful genome-wide polygenic score platforms are now available[@pvz062-B3]^,^[@pvz062-B4]; however, pharmacogenomics is still not a reality in the clinical market. Whereas genetics alone can explain a part of the inherited pathogenic mechanisms, changes in the epigenome may illuminate a significant fraction of the 'missing hereditability' by clarifying the complex relationship between genome and environment in modulating the risk and progression of lesions in diabetic vasculature.[@pvz062-B5] Transient hyperglycaemia can trigger an early chromatin remodelling in different types of vascular cells, which persists even when patients return to euglycaemic state inducing a maladaptive response, known as 'metabolic memory'.[@pvz062-B6] Epigenetic regulatory mechanisms include DNA and RNA methylation, histone and non-histone post-translational modifications, and noncoding RNAs.[@pvz062-B7]^,^[@pvz062-B8] Unlike DNA variations, aberrant epigenetic changes are pharmacologically reversible after treatment with specific small agents, known as 'epidrugs' (e.g. metformin and statins) which might prevent or revert the persistent effect of metabolic memory.[@pvz062-B7]^,^[@pvz062-B8] Mapping the epigenomic fingerprint of the diabetic vasculature may be really advantageous to provide novel useful predicting biomarkers and drug targets, in order to delineate a personalized picture of the CV risk including prevention and/or rehabilitation programmes.[@pvz062-B8] This review updates on the epigenetic-sensitive mechanisms predicting the CV risk in diabetic patients, with a particular focus on the main epidrugs in clinical trials. Furthermore, we offer a clinical perspective where epigenetics integrated with imaging tools and network medicine could help to refine the assessment of CV risk leading to personalized therapy of diabetic patients.[@pvz062-B5]^,^[@pvz062-B9]

A focus on epigenetic signatures
================================

DNA methylation
---------------

DNA methylation is catalysed by three groups of DNA methyltransferases (DNMTs): DNMT1, 2, or 3, which act at the carbon-5′ position of cytosines into 'CpG islands' by using S-adenosylmethionine as donor of the methyl group.[@pvz062-B9] DNA methylation mainly acts at transcriptional level by reducing the accessibility of transcription machinery to gene promoters.[@pvz062-B9] A class of demethylases belonging to 10--11 translocation (TET) family of DNA dioxygenases (TET1/2/3) controls the genome methylation pattern by oxidizing 5-methylcytosine (5mC) to 5-hydroxymethylcytosine (5hmC).[@pvz062-B9] Depending on a biochemical cycle that requires methyl donors, DNA methylation can be reverted by using targeted dietary interventions (e.g. folic acid and vitamin B6, B12) or treatment with DNA methylation inhibitors, such as 5-aza-2-deoxycytidine. Thus, aberrant DNA methylation may be a useful drug target to prevent or modulate the progression of diabetes.[@pvz062-B10]

Post-translational modifications
--------------------------------

Post-translational modifications include histone and non-histone protein changes. Acetylation at specific amino-acid positions is the most studied in diabetic vasculature.[@pvz062-B6]^,^[@pvz062-B10] The global acetylation level is regulated by two families of enzymes: histone acetyltransferases (HATs) and histone deacetylases (HDACs), which add and remove acetyl groups mainly at lysine residues of histone tails with activating and repressive effects, respectively.[@pvz062-B11] Some classes of HDAC inhibitors, such as trichostatin A, as well as HDAC activators, such as metformin, show anti-inflammatory properties that may provide useful additional drug strategies in diabetes management.[@pvz062-B10]

MicroRNA
--------

MicroRNA (miRNAs) are a family of small non-coding RNA molecules (21--22 nucleotides) regulating gene expression by binding to specific mRNAs. As downstream effect, miRNAs block their translation or induce their degradation.[@pvz062-B12] MiRNAs are originally transcribed from precursors in the nucleus to reach their final mature structure into the cytoplasm where they are assembled into miRNA-induced silencing complexes (miRSCs), which regulate the expression of several genes influencing the function of the parental cell.[@pvz062-B12] Moreover, they can also be secreted into microvesicles or exosomes, acting as signalling molecules and participating in intercellular cross-talk communication.[@pvz062-B12] MiRNAs are remarkably stable and their detection is repeatable and non-invasive, representing useful and early biomarkers for disease diagnosis, prevention, and prognosis.[@pvz062-B13] Several limitations due to isolation techniques, types of sample and study methodology are still ongoing and challenge the translation of basic findings in clinical arena. Furthermore, miRNA-based therapeutic strategy may have a great clinical potential, owing to the ability to deliver oligonucleotides to mimic miRNA expression or to employ small molecules to increase or inhibit miRNA function.[@pvz062-B14] Nevertheless, more efficient and selective *in vivo* delivery systems are needed to minimize the risk of unwanted side effects that can arise from a systemic delivery of miRNAs.[@pvz062-B14]

Exposure in early development might influence the insurgence of diabetes and CV phenotypes later in life through persistent epigenetic changes, which may be inherited through mitotic and/or meiotic ('transgenerational effect') mechanisms.[@pvz062-B15] Indirect proofs demonstrated a strong correlation between children exposed to prenatal famine, low birth weight, and increased risk of Type 2 diabetes (T2D), hypertension and other CV diseases.[@pvz062-B15] According to the Barker hypothesis, the caloric restriction during pregnancy may permanently perturb crucial epigenetic-sensitive molecular networks associated with the normal foetus development leading to CV diseases later in life.[@pvz062-B16]^,^[@pvz062-B19] Recently, a string correlation between maternal hypercholesterolaemia and hypermethylation of the sterol regulatory element-binding protein 2 (*SREBP2*) gene was observed in humans; however, the direct causality is difficult to infer from observational studies.[@pvz062-B17] Although the clinical implications for primary prevention are logical and intuitive in this field, the transgenerational effect in humans is still controversial and this issue should deserve further investigations.

Postnatal epigenetic sensors and intermediate phenotypes in prediction of diabetic cardiovascular complications
===============================================================================================================

Our work has focused on epigenetic-sensitive mechanisms underlying key endophenotypes of diabetic vasculature, with much emphasis on macrovascular domains and coronary heart disease (CHD) (*Figure [1](#pvz062-F1){ref-type="fig"}*). Furthermore, we reported the potential role of these epigenetic sensors as useful biomarkers in primary and secondary prevention of the CV risk in diabetic patients (*Table [1](#pvz062-T1){ref-type="table"}*). In order to highlight the increasing interest on epigenetics, we also included a brief list of ongoing or completed clinical trials but currently without any published results ([Supplementary material online, *Table S1*](https://academic.oup.com/ehjcvp/article-lookup/doi/10.1093/ehjcvp/pvz062#supplementary-data)).

![Epigenetic sensors, metabolic memory, and diabetes cardiovascular risk. Hyperglycaemia-induced epigenetic mechanisms may be transmitted through mitotic and/or meiotic (transgenerational effect) inheritance leading to detrimental changes in vasculature of diabetic patients. A persistent chromatin remodelling (metabolic memory) leads to perturbations of protein--protein interactions increasing the risk of coronary heart disease onset. CHD, coronary heart disease; MiRNAs, micro-RNAs; PPIs, protein--protein interactions.](pvz062f1){#pvz062-F1}

###### 

Useful epigenetic-sensitive biomarkers in prevention of diabetes and its cardiovascular risk

  Epigenetic tag                                        Sample source           Effect                                     References
  ----------------------------------------------------- ----------------------- ------------------------------------------ ---------------
  Primary prevention                                                                                                       
   DNA hypomethylation and histone 3 hyperacetylation   PBMCs                   Increased oxidative stress                 [@pvz062-B20]
   Down-regulation of miR-200a and miR-200b             HAECs                   Increased endothelial inflammation         [@pvz062-B21]
   Down-regulation of miR-146a-5p                       HAECs                   Increased endothelial inflammation         [@pvz062-B22]
   Overexpression of miR-18a-5p                         HAECs                   Increased myocardial fibrosis              [@pvz062-B23]
   Down-regulation of miR-24                            Blood samples           Increased proinflammatory signalling       [@pvz062-B24]
   Hyperacetylation of H3K9                             Monocytes               Increased proinflammatory signalling       [@pvz062-B25]
   Hypermethylation of H3K4                             PBMCs                   Increased endothelial inflammation         [@pvz062-B26]
  Secondary prevention                                                                                                     
   Down-regulation of miR-let-7                         Carotid plaque biopsy   Increased vascular inflammation            [@pvz062-B27]
   Down-regulation of miR-133a                          LV samples              Increased autophagy and hypertrophy rate   [@pvz062-B28]

HAECs, human aortic endothelial cells; LV, left ventricular; MiR, micro-RNA; PBMCs, peripheral blood mononuclear cells.

Endothelial dysfunction and vascular inflammation
-------------------------------------------------

The endothelial monolayer is particularly susceptible to hyperglycaemia-induced injury leading to a complex cascade of pro-inflammatory and pro-oxidative signalling pathways associated with onset and progression of atherosclerotic lesions.[@pvz062-B29] A simultaneous DNA hypomethylation and histone 3 hyperacetylation occurred at level of p66 Src homologous-collagen homologue (*p66Shc*) gene promoter led to an overexpression of p66Shc protein in peripheral blood mononuclear cells increasing the oxidative stress in euglycaemic T2D patients with respect to controls.[@pvz062-B20] These molecular alterations may trigger the progression of oxidative stress-induced damages in the diabetic vasculature, suggesting novel predictive biomarkers and drug targets.[@pvz062-B20] Several miRNAs were involved in progression of endothelial dysfunction. For example, a down-regulation both of miR-200a and miR-200b induced up-regulation of O- linked N-acetylglucosamine transferase enzyme and then modification of O-linked N-acetylglucosamine proteins in human endothelial cells.[@pvz062-B21] These molecular changes were associated with hyperglycaemia-induced endothelial inflammation and diabetic complications.[@pvz062-B21] Furthermore, after treatment with high glucose concentration down-regulation of miR-146a-5p levels led to chronic inflammation by inducing higher levels of interleukin-1 receptor-associated kinase-1 (*IRAK-1*) gene expression in human endothelial cells.[@pvz062-B22] This evidence suggests that administration of miR-200a, miR-200b, and miR-146a-5p mimics might be useful therapeutic strategies to prevent inflammation and endothelial dysfunction in diabetic patients and their role should be further investigated in clinical studies. Moreover, increased levels of miR-18a-5p contributed to endothelial-mesenchymal transition phenotype by targeting the neurogenic locus notch homologue protein 2 (NOTCH2) signalling pathway in human endothelial cells under high glucose stimulation. This suggested that miR-18a-5p may act as a novel promising target for myocardial fibrosis in diabetic cardiomyopathy.[@pvz062-B23] Furthermore, levels of circulating miR-24 were lower in peripheral blood samples collected from T2D^+^/CHD^+^ patients as compared with CHD^+^ and control groups suggesting this molecule as a biomarker for predicting the onset of CHD in diabetic patients.[@pvz062-B24] In diabetic human carotid plaques, lower levels of miR-let-7 were correlated to chronic inflammation.[@pvz062-B27] Interestingly, *ex vivo* administration of miR-let-7 mimics to human carotid plaques was able to module the inflammatory phenotype indicating a putative therapeutic strategy to prevent growth and rupture of atherosclerotic plaques in diabetic patients.[@pvz062-B27] Moreover, a downregulation of miR-133a was detected in cardiac cells isolated from left ventricle of diabetic patients undergoing left ventricular assist device implantation with respect to controls.[@pvz062-B28] This suggested a useful clinical biomarker of cardiac autophagy and hypertrophy in diabetic patients complicated by heart failure.[@pvz062-B28]

Macrophage 'memory'
-------------------

A genome-wide analysis revealed higher levels of acetylation at lysine 9 of histone 3 located to several gene promoters related to the nuclear factor-kB (NF-KB) inflammatory pathway and other diabetes complications in monocytes isolated from T1D patients with respect to control group.[@pvz062-B25] These molecular signatures suggested that a global hyperacetylation may be a possible epigenetic explanation for metabolic memory in humans. Moreover, increased levels of mono-methylation at histone 3 (H3K4m1), mediated by Set7 DNA methyltransferase enzyme, led to up-regulation of *RELA* proto-oncogene in peripheral blood mononuclear cells isolated from T2D patients respect with controls.[@pvz062-B26] This evidence suggested another aberrant epigenetic change contributing to vascular dysfunction in T2D patients.[@pvz062-B26] Taken together, these results suggested that specific histone 3 modifications may be possible mechanisms of metabolic memory and then novel therapeutic approaches to prevent atherosclerosis in diabetes.

Epitranscriptomics
==================

The role of environmental-induced chemical modifications occurring in regulatory RNAs (epitrascriptome) in the prevention of CV risk in diabetes is currently little investigated. Generally, non-coding RNAs are regulators of gene expression acting at post-transcriptional level; however, heterogeneous chemical modifications occurring in these molecules may generate an additional layer of gene expression control known as 'epitrascriptome'.[@pvz062-B30] Many chemical perturbations in transfer RNA or dietary factors may induce a fragmentation of these molecules that seems to be associated with damage of pancreatic β-cell damage in diabetes.[@pvz062-B31] Moreover, the content of the N^6^-methyladenosine (m6A) in mRNAs, referring to the methylation of the adenosine base at the nitrogen-6 position, was significantly lower in peripheral blood samples isolated from T2D patients with respect to healthy controls.[@pvz062-B32] Additionally, the lower m^6^A content in mRNA was correlated with higher expression of the fat mass- and obesity-associated demethylase enzyme suggesting a putative mechanistic link and a useful biomarker of T2D onset.[@pvz062-B33]

Strategies for longitudinal analyses and modelling of epigenetic trajectories in diabetes cardiovascular risk
=============================================================================================================

Since the epigenome largely varies over time, the possibility of studying molecular changes at different time points may be an added value to our understanding of their putative clinical relevance. Indeed, in this way, we may identify the genomic sites and circulating molecules with the largest associations with the environmental changes with respect to analyses at one point in time (cross-sectional studies).[@pvz062-B33]

For example, lower plasma levels of miR-126 were detected in the prospective population-based Bruneck study including T2D patients (*n* = 822) with respect to age- and sex-matched controls.[@pvz062-B34] In detail, lower levels of miR-126 were revealed in endothelial apoptotic bodies associated with impaired angiogenic signalling.[@pvz062-B34] Importantly, miR-126 plasma variations were detected prior to insurgence of T2D clinical manifestations suggesting its useful clinical role as predictive biomarker.[@pvz062-B34] Successively, the endothelial-enriched miR-126 also showed a positive association with subsequent myocardial infarction events in the same population study, suggesting a useful biomarker in secondary prevention of diabetic patients.[@pvz062-B35] Thus, future studies will be needed to address whether platelet-derived endothelial-enriched miR-126 may serve as novel biomarker for clinical decision-making.

Since the maternal intrauterine environment may shape the individual long-term susceptibility to diabetes, we remark that future prospective clinical studies should map the individual epigenetic signatures in high-risk families at multiple time points across several generations (transgenerational effect).[@pvz062-B15] This paradigm may provide reliable and stable biomarkers to identify at-risk subjects before the development of clinical signs of vascular damages, with important implications for improving primary prevention (*Figure [2](#pvz062-F2){ref-type="fig"}*).

![An integrated approach to study epigenetic mechanisms underlying diabetes cardiovascular risk over time. Epigenetics changes may be inherited from one generation to the next, thus affecting the individual susceptibility to develop diabetes and its cardiovascular complications. Effects of prenatal exposures and postnatal exposures should be investigated in humans, in order to clarify earlier pathogenic determinants in the diabetic vasculature. T1D, diabetes Type 1; T2D, diabetes Type 2.](pvz062f2){#pvz062-F2}

Epidrugs: the road ahead of clinical trials for prevention of diabetes cardiovascular risk
==========================================================================================

In *Table [2](#pvz062-T2){ref-type="table"}*, we summarized the list of ongoing and completed clinical trials (<https://clinicaltrials.gov>) with published results in the last 10 years.

###### 

Some epidrugs in clinical trials to prevent diabetes cardiovascular risk

  Epidrug                              Conditions                  Effect                                                             Phase/status        NCT
  ------------------------------------ --------------------------- ------------------------------------------------------------------ ------------------- ---------------------------
  Primary prevention                                                                                                                                      
   Monotherapy                                                                                                                                            
    Metformin                          Obesity, T2D                To assess the efficacy in reducing BMI.                            Phase 4/completed   NCT00934570 [@pvz062-B36]
   Combination therapy                                                                                                                                    
    Metformin plus insulin             T1D                         To test the efficacy in reducing atherosclerosis.                  Phase 3/completed   NCT01483560 [@pvz062-B37]
    Fenofibrate plus statins           Atherosclerosis, CHD, T2D   To prevent major macrovascular complications.                      Phase 3/completed   NCT00000620 [@pvz062-B38]
  Secondary prevention                                                                                                                                    
   Monotherapy                                                                                                                                            
    Metformin or glipizide             T2D, CHD                    To test if metformin may reduce the risk of recurrent CV events.   Phase 4/completed   NCT00513630 [@pvz062-B39]
   Combination therapy                                                                                                                                    
    Metformin plus insulin analogues   T2D, atherosclerosis        To prevent progression of carotid IMT.                             Phase 4/completed   NCT00657943 [@pvz062-B40]
    Metformin plus vildagliptin        T2D, CHD                    To reduce inflammation.                                            Phase 4/completed   NCT01604213 [@pvz062-B41]

BMI, body mass index; CHD, coronary heart disease; CV, cardiovascular; IMT, intima-media thickness; NA, not applicable; NCT, ClinicalTrials.gov Identifier number; T1D, type 1 diabetes; T2D, Type 2 diabetes.

Primary prevention
------------------

Metformin is the first-line oral drug for the initial treatment of T2D patients.[@pvz062-B2] Metformin belongs to HDAC activator class; it acts as agonist of the silent information regulator 1 (SIRT1) enzyme involved in reduction of insulin resistance, mitochondrial dysfunction, and oxidative stress reporting a key role in prevention of heart failure.[@pvz062-B6]^,^[@pvz062-B42] A combination therapy based on lifestyle changes (diet and exercise) and metformin declined the body mass index at 1 year of initial observation both in obese children and adolescents with respect to singular treatments.[@pvz062-B36] Moreover, 3 years of treatment with metformin combined with titrated insulin therapy reduced atherosclerosis in T1D adult patients but did not improve glycaemic control in these patients suggesting that this approach could have a wider role in CV risk management.[@pvz062-B37]

Fenofibrate, as HDAC activator, is an antihypertriglycerid agent useful for treatment of hypertriglyceridemia. At molecular level, it acts as agonist of peroxisome proliferator-activated receptor alpha protein that is involved in regulation of glucose metabolism and insulin sensitivity.[@pvz062-B43] A clinical trial tested the efficacy of fenofibrate to gain euglycaemia state and blood pressure control in T2D patients treated with statins.[@pvz062-B38] As HDAC inhibitor, statins act as modulators of the 3-hydroxy-3-methylglutaryl coenzyme A reductase enzyme representing the gold standard cholesterol-lowering agent treatment of diabetic patients.[@pvz062-B2]^,^[@pvz062-B44] This trial demonstrated that fenofibrate therapy may reduce the CV risk in these patients; however, a larger investigation is needed to confirm these findings.[@pvz062-B38]

Secondary prevention
--------------------

By comparing the risk of recurrent CV events in T2D^+^/CHD^+^ patients, it raised that 3 years of treatment with metformin strongly reduced vascular dysfunction in high-risk patients compared with glipizide therapy.[@pvz062-B39] Moreover, 18 months of treatment with metformin combined with insulin analogue did not reduce the progression of mean carotid intima-media thickness in T2D patients.[@pvz062-B40] Instead, a combination of vildagliptin plus metformin led to a significant anti-inflammatory phenotype during follow-up in T2D^+^/CHD^+^ patients, owing to suppression of the interleukin (IL) IL-1B activity.[@pvz062-B41] Apabetalone (or RVX 208) is an inhibitor of bromodomain extra terminal (BET) proteins, mainly BED4, which contain two bromodomains interacting with acetylated lysines of histone tails.[@pvz062-B45] Experimental evidence reported that when apabetalone binds to BRD4 some deregulated molecular pathways involved in cholesterol metabolism and inflammation are restored in humans.[@pvz062-B45] In detail, administration of RVX 208 could increase plasma high-density lipoprotein levels, reduce oral glucose absorption and endogenous glucose production in prediabetics with respect to controls, suggesting a protective role against T2D onset.[@pvz062-B45] To date, apabetalone is in Phase III ongoing trial (NCT02586155) assessing whether BET inhibition may prevent the risk of CV events in T2D^+^-CHD^+^ patients.

Taken together, these results will open new perspectives in personalized therapy of diabetic patients predicting which patients may benefit or not from a specific monotherapy or combination therapy.

A new challenge for personalized therapy
========================================

Several national biobanks (e.g. UK biobank) were developed in useful quantitative polygenic score platforms able to diagnose or predict the risk of diabetes and CV disease onset.[@pvz062-B3]^,^[@pvz062-B46]^,^[@pvz062-B47] Through these platforms and generation of huge amount of big data, advanced network-based algorithms may aid the prioritization of genes and molecules with a functional relevance for preventing and treating the CV risk in diabetics.[@pvz062-B46]^,^[@pvz062-B48] These algorithms enable a quantitative analysis of the network topological properties providing a graphical map where human diseases are represented with localized perturbation within a specific module of the cellular interactome.[@pvz062-B48] A biological network is a set of nodes and edges, in which the nodes are linked if there is a functional or physical interaction between them.[@pvz062-B48] Protein--protein interactions (PPIs), regulatory and co-expression networks can reflect crucial nodes (proteins, genes, etc.) or disease modules (a subgroup of nodes) able to stratify the risk and/or predict drug responses at individual level.[@pvz062-B48] In PPI networks, including Gene Prioritizing Approach using Network Distance Analyses (GenePanda) and Degree-Aware Disease Gene Prioritization (DIAMOnD), the nodes are proteins that are linked to each other by physical interactions; in regulatory networks, including Passing Attributes between Networks for Data Assimilation (PANDA), the direct links represent regulatory relationships between a transcription factor and a gene whereas in co-expression networks, including Weighted Correlation Network Analysis (WGCNA), gene pairs with similar co-expression profiles are linked in the same disease module.[@pvz062-B48] We discuss two examples of network tools to identify genetic/epigenetic nodes with a putative clinical impact for prevention and therapy of diabetes and its CV risk.[@pvz062-B49]^,^[@pvz062-B50] By analysing big data extracted from human pancreatic islets, some authors constructed a tissue-specific gene regulatory network.[@pvz062-B49] In detail, an enrichment of variants in the nuclear factor of activated T cells 4 (*NFATC4*) gene was observed in the islet regulatory network of T2D patients suggesting a crucial role in pathogenesis of disease.[@pvz062-B49] Moreover, a PPI network revealed that a differential expression of some miRNAs could play a crucial role in pathogenesis of metabolic disorders in T2D patients.[@pvz062-B50] By results, a modification of hsa-miR-4687-3p levels in samples of epicardial adipose tissues may play a crucial role in discriminating CV events in T2D^+^/CHD^+^ patients as compared to controls, suggesting an additional useful diagnostic biomarker.[@pvz062-B50] Despite this basic findings, more larger prospective and independent population-based studies should be performed to validate and translate in clinic these preliminary results.

Integrating machine learning with protein--protein interactions to predict novel biomarkers in diabetes and its cardiovascular risk
-----------------------------------------------------------------------------------------------------------------------------------

Machine learning algorithms mainly include artificial neural networks, Bayesian networks, support vector machines, and decision trees, which are widely applied in clinical research for the development of predictive models by extracting key variables from large clinical datasets.[@pvz062-B51] A large clinical trial (NCT00005487) tested machine learning algorithms combined with deep phenotyping and provided a model able to predict six CV outcomes in asymptomatic subjects from the Multi-Ethnic Study of Atherosclerosis (MESA) study.[@pvz062-B52] From preliminary results, these methods may lead to greater accuracy in prediction of CV diseases but an appropriate level of validation is still needed before translating these models in the everyday clinical practice.

New opportunities may arise from application of machine learning algorithms into predicting PPI networks.[@pvz062-B53] For this aim, a novel machine learning tool, named DPPI, has been developed to accurately predict protein interactions from DNA sequence information alone (<https://github.com/hashemifar/DPPI/>).[@pvz062-B54] We remark that an integrated approach combining machine learning algorithms and epigenomics datasets may extend our knowledge of diabetic interactome revealing additional useful biomarkers for the prediction of CV risk in diabetes (*Figure [3](#pvz062-F3){ref-type="fig"}*).

![An integrative approach to identify protein--protein interactions by combining network-based algorithms, machine learning, and epigenetics. The strong predictive power of machine learning and network-based algorithms should be combined with epigenomic datasets of thousands of patients in order to clarify how, when, and how molecular alterations may perturb the diabetic interactome. CV, cardiovascular; PPIs, protein--protein interactions.](pvz062f3){#pvz062-F3}

Machine learning and tomography
-------------------------------

Although in this manuscript we mainly focused on diabetes and its macrovascular complications, we discuss the putative clinical benefit from combining machine learning and tomography in evaluating vascular lesions both in micro- and macro-domains.[@pvz062-B55] In a recent study on 10 030 T2D patients and suspected CHD, 25 clinical parameters and 44 imaging measures were elaborated in machine learning algorithms.[@pvz062-B56] This study provided a model able to predict 5-year all-cause mortality better than clinical or coronary computed tomography angiography variables alone.[@pvz062-B55] Similar evidence arose from application of machine learning to singular images derived from the optical coherence tomography angiography technique. As a result, this strategy provided an accurate dynamic map of the retinal vascular flow.[@pvz062-B57] These recent advances are demonstrating that development of machine learning algorithms may enable huge opportunities for prevention and diagnosis of diabetes and its CV complications increasing chances for personalized therapy.

Conclusions
===========

A plethora of epigenetic-sensitive changes, mainly miR-126, was identified in diabetic patients suggesting a pathogenic role relevant to progression towards long-term vascular complications in different human tissues. Importantly, these epigenetic signatures may be inherited across several generations (transgenerational effect). This concept strengthens their putative clinical role as predictive biomarkers of CV complications. Furthermore, the plasticity of epigenome allows the modulation of genome by environmental changes. As consequence, lifestyle modulation combined with epidrugs, such as metformin, statins, and fenofibrate may help to reach personalized therapy of diabetic patients. Despite the well-established difference between man and woman in CV diseases, the majority of studies do not show their data stratified by gender. Moreover, we are now unable to fully understand what is the impact of epigenetics for T1 vs. T2 diabetes as well as for rarer monogenic forms like maturity-onset diabetes of the young (MODY).[@pvz062-B58]

Future perspectives
===================

Despite increasing development of risk prediction models and the solid guidelines approach of reductionist practice, physicians still fail into predicting the onset of diabetes and progression of its micro- and macrovascular complications. Epigenomics offers precious information on the specific spatio-temporal state of cells and tissues increasing the opportunity to identify specific molecular changes contributing to identification of the individual CV risk in diabetic patients. Owing to the high mortality rate, it is mandatory to search innovative molecular fingerprints helping us to identify patients at high-risk to develop micro- and macrovascular diabetes complications. DNA methylation and miRNAs are major determinants involved in diabetic interactome. Moreover, DNA methylation is not only influenced by genetic factors, whereas large differences in blood-based methylation profile are founded when the population study is gender-stratified suggesting the need for longitudinal prospective studies to support the robustness of these associations.[@pvz062-B59] In this regard, identification of epigenetic interactions between miRNAs and DNA methylation associated with gene expression may aid to advance our knowledge on molecular basis underlying the CV risk in diabetic patients providing putative useful biomarkers.

Recently, we have designed the 'Perturbation of Interactome through micro-RNA and Methylome analysis In Diabetes Endophenotypes: the PIRAMIDE pathogenic clinical study design' (NCT03792607).[@pvz062-B60] This ongoing pilot study combines epigenetic interactions and network-based algorithms in order to provide useful biomarkers predicting the onset of macrovascular complications in T2D patients.[@pvz062-B60] The similarity of our approach was present in two studies analysing the interaction of epigenetic mechanisms in diabetic patients complicated with CHD and their putative clinical role as biomarkers or drug targets.[@pvz062-B48]^,^[@pvz062-B49] Moreover, it is crucial to investigate how epigenetic modifications may affect the individual response to pharmacological and non-pharmacological treatments, including lifestyle changes such as dietary modifications, exercise, avoiding stress, and minimizing alcohol consumption. Combining clinical evaluation and genetic data with the increasing epigenetic information is the most fruitful way to reach personalized therapy for diabetes care.[@pvz062-B5]^,^[@pvz062-B15]^,^[@pvz062-B50]^,^[@pvz062-B61]

Supplementary material
======================

[Supplementary material](#sup1){ref-type="supplementary-material"} is available at *European Heart Journal -- Cardiovascular Pharmacotherapy* online.
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